Portions of a 30-year-old stand of ponderosa pine were precommercially thinned in 1966 and commercially thinned in 2000 at age 64 years to determine the effects of thinning from below on tree growth and mortality caused by Armilloria root disease in central Oregon. Thirty years after precommercial thinning, leave-tree mortality was significantly less in thinned plots than in unthinned plots, but leave-tree-diameter growth was not significantly increased by thinning. Leave-tree basal area (BA) per acre growth, however, was significantly greater in thinned plots. In 2007 at age 71 years, 7 years after commercial thinning of the same plots that were precommercially thinned in 1966, leave-tree mortality was less in thinned plots than in unthinned plots, but more time probably is necessary to adequately assess Armillaria-caused mortality after commercial thinning. Both tree diameter and BA growth were significantly increased by commercial thinning. Hypotheses on fungal-host dynamics are discussed, and recommendations for multiple thinning based on stand density index are given.
colonized root segments probably increases inoculum potential, rhizomorphs, and healthy root penetration. Tree mortality usually occurs after rhizomorphs penetrate high on the taproot or root collar, and the tree is effectively girdled. Radial rate of disease center enlargement in uneven-age ponderosa pine has been estimated at about 3 ft/year in selectively harvested stands (Shaw and Roth 1976) . Stand density index (SDI) is a common method of expressing relative stand density in terms of trees per acre (TPA) and quadratic mean diameter (QMD). SDI is the TPA at a QMD of 10 in. and is expressed as SDI = (TPA)(QMD/l0) h where bequals 1.77 (Cochran 1992) . The normal SDI for ponderosa pine is 365 (Figure 1 ), but the upper-management zone (UMZ) varies by tree species and site quality. Mortality of ponderosa pine from bark beetles (mainly Dendroctonus ponderosae, Dendroctonus brevicomis, and Ips pini) with or without Armillaria often occurs in overstocked stands and can even happen at stand densities well below 75% of the normal SDI of 365 (Cochran 1992) . The suggested UMZ for ponderosa pine is 153 for a ponderosa pine/bitterbrush (Purshia tridentata) site such as ours with site index 100 78 (Barrett 1978 , Cochran 1992 . This UMZ is a relatively low SDI to prevent density-related mortality associated with bark beetles and, perhaps, Armillaria as well.
Because Armillaria clones may persist for millennia in infested forest soils and therefore eradication of the fungus is futile, we tested the hypothesis that reducing stand density through precommercial and commercial thinning reduces competition, increases vigor, and, therefore, decreases leave-tree mortality from Armillaria root disease and associated bark beetles. The objective of our study was to compare diameter and basal-area (BA) increment, SDI, and leave-tree mortality in thinned and unthinned plots within a ponderosa pine 
Methods

Study Area
The study is located near Garrison Butte on the Sisters Ranger District, Deschutes National Forest about 7 mi north of Sisters, Oregon (latitude, 44"22'N; longitude, 121°33'W; Johnson and Thompson 1975) . Elevation is about 3,400 ft with 5% slope and a southern exposure. The plant community is ponderosa pine/ bitterb rush/ fescue (Festuca idahoensis; Simpson 2007) . Site index 100 is 78 ft (Barrett 1978) . The stand is almost pure ponderosa pine with less than 1% trees of western juniper Uunierus occidentalis) and incense-cedar (Calocedrus decurrens). The pine overstory was harvested before thinning, and the naturally regenerated even-age pine understory that developed was about 30 years old when precommercially thinned and about 64 years old when commercially thinned (Figure 2 ). AnniE/aria root disease had been confirmed in this stand before study-area selection. Although the species of Armillaria was not identified by genetic testing, only A. ostoyae has been associated with severe mortality of ponderosa pine in Oregon and Washington Kile 1991, Goheen and Willhite 2006) . No other root diseases were detected on the site; consequently, none of the stumps created in 1966 and 2000 were treated with boron-containing products, a recommended treatment for larger stumps (12 in. or more in diameter) when annosus root disease is a potential problem (Hadfield et al. 1986 , Schmitt et al. 2000 .
Treatments and Data Collection
Eight 1 /4-ac square plots were established in the stand in 1966. Plots were selected so that existing tree mortality was as similar as possible. Although initial tree mortality varied among the eight plots, mortality was similar when averaged between treatments (Table 1). Four plots were thinned, and the other four were left unthinned. Treatments were assigned at random. A 12-ft-wide buffer of thinned trees was left around thinned plots-, a similar buffer of unthinned trees was left around plots that were not thinned.
To make valid comparisons of growth and mortality between trees in thinned and unthinned treatments, we designated leave trees that were similar in number, size, vigor, and crown class in both thinned and unthinned plots. Leave trees were selected and marked with orange paint in all eight plots initially on a 15 X 15-ft spacing based on the best size, form, and vigor according to district specifications in 1966. This spacing resulted in an average of 209 TPA in thinned plots and 219 designated-leave TPA in unthinned plots. In 1997, all plot trees with 1.0 in. dbh or more, including nonleave trees, were marked with nailed, numbered tags at dbh.
Before plots were thinned in 1966, the number of dead trees 3 ft or more in height was recorded by cause of death; the average across all plots was 597 TPA killed by A. ostoyGe (Table 1) . Tree mortality before thinning appeared to be severe and scattered throughout all plots. Disease centers or gaps were not clearly defined in this 30-year-old ponderosa pine stand. Mortality often was expressed as single trees or clusters of several trees, and it was difficult to determine boundaries between healthy and infected areas within each plot. l'herefore, we found it more accurate to express disease severity as killed leave TPA rather than the number and distribution of disease centers. Also, mortality centers in unthinned plots include nonleave-tree mortality that should not be included as a measure of disease loss, because these trees normally would he removed when thinning.
In 1966, our stand was prccommercially thinned in June. Normally, pine stands are not thinned from January through July in Oregon because pine engraver beetles (I. pini can infest slash with stem diameters of more than 2 in. (Emmingham ct al. 2005, Gohcen and Willhite 2006) . Once established in fresh slash, adult beetles emerge from April to June and may attack and kill standing trees. Because felled trees were probably on average less than 2 in. dbh in 1966, very little leave-tree mortality from pine engraver beetles occurred 1-2 years after thinning. Because the trees felled in 2000 were more than 2 in. dbh (mean, 8.4 in.) , this second thinning was done in December to avoid beetle flight and decrease the risk of mortality.
All plots that were thinned in 1966 were thinned again from below (low thinning) in 2000 to reduce SDI well below the recommended UMZ of SDI 153 according to Cochran (1992) . The onthinned plots were never thinned either precommercially or commercially. Leave trees were redesignated based on the best size, form, and vigor. Excess leave trees (painted orange) were felled in thinned plots or repainted black in unthinned plots to equalize the number of leave trees among all plots. Residual stocking was 90 IPA at a spacing of 22 X 22 ft. About 40% of the BA or 41.5 ft 2 /ac was removed in 2000, and SDI was reduced from 205 to 107 ( Figure 1 ). All felled trees were removed from the site. Although infrequent in occurrence, no trees 21 in. dhh or more were harvested hut, instead, were either felled and left or killed by girdling to meet snag and down-wood requirements. Limbs, tops, and small boles were lopped and scattered with significant slash concentrations hand-piled and burned. Mean 1997 diameters, BAs, stocking, and SDI were calculated for leave trees marked in 2000-All plots were inspected every other year from 1966 to 2007 for mortality of leave trees and causal agents. Dead trees were examined for root pathogens by partially excavating root collars and observing signs and symptoms of infection. Wood samples initially were turned to the laboratory for culturing and verification of suspected pathogens. Mortality of nonleave-trees 1.0 in. dbh or more was recorded after 1997.
Tree diameters were not recorded at the beginning of the study in 1966 but were recorded for all leave and nonleave trees 1.0 in. dhh or more in 1974, 1997, and 2007 . QMI), periodic annual increment (PAT), and net BA (squared feet) per acre PAT were calculated for each surviving leave tree and for surviving nonleave trees in unthinned plots. Net BA PAT was the cumulative BA growth of all surviving plot trees minus mortality.
We calculated the SDI for each'A-ac plot in 1997 and 2007 using the equation, SDI TPA * (QMD/10)' 77 (Cochran 1992). We estimated the UMZ to he SDI 153 for ponderosa pine on a bitterbrush/manzanita site: UMZ = 365 a (-0.36 + 0.01 :5 SI) where SI is Barrett's (1978) site index estimated to be 78 ft for our plots (Figure 1) . Similarly, the lower-management zone (LMZ) is 103 or 67% of the UMZ (Cochran 1992 , Cochran et al. 1994 .
Cumulative leave-tree mortality per acre, QMD PAT, and net BA PAl were compared using an analysis of variance model appropriate for a completely randomized design with the General Linear Models Procedure (SAS Institute, Inc., 2004) . The type 1 error rate was set at n = 0.05, and two-railed hypothesis rests were used.
Results
Tree Infection and Mortality
Thirty years after precommercial thinning in 1966, leave-tree mortality was significantly (P = 0.02) greater in unthinned plots (16.4% or 1.2 l'PA/year) compared with thinned plots (8.4% or 0.6 TPA/year; Filip et A. 1999; Figure 3 ; Table 1 ). Seven years after a second (commercial) thinning in 2000, mortality of leave trees in thinned plots was 0°/s of the original 2000 stocking of leave trees (Table 2 ) compared with 2.9% mortality of designated-leave trees in unthinncd plots (Table 3 ). More time, however, probably is necessary to adequately assess .4rrnillaria-caused mortality after commercial thinning. Most of the mortality was caused by Armi/Laria root disease, as determined by resinosis and mycelial fans at the root collars, but some mortality was associated with pine engraver beetles alone. Mortality of designated-leave trees in unrhinned plots was relatively constant for 40 years. Mortality in thinned plots appeared to have nearly stopped about 10 years after precommercial thinning, and no leave-tree mortality has occurred since 1993 (Figure 3) . Precommcrcial thinning appeared to reduce leave-tree mortality soon after treatment.
Although mortality of individual nonlcave trees in unthinned plots was nor recorded biannually until 1997, mortality of nonleave trees averaged over all plots was 74 TPA from 1974 to 1997 (Filip et al. 1999 ) and 94 TPA from 1997 to 2007 (Table 3) . More mortality occurred in the smaller nonleave trees than in the larger designatedleave trees. Although cause of mortality was nor recorded for nonleave trees until 1997, it was probably associated with Armi//aria root disease and pine engraver beetles, which favor suppressed, small-diameter trees. These pests were responsible for most nonleave-tree mortality after 1997. Although Armillaria did kill some trees in unthinned plots that would have been thinned out anyway, it also killed more designated-leave trees in unrhinned plots that could have been harvested as live trees in 2000 (Table 3 ).
Diameter and BA Increment
From 1974 to 1997, QMD PAT of leave trees in thinned plots (0.14 in.) was greater than growth of designated-leave trees in unthinned plots (0.11 in.), but differences were not statistically significant (P = 0.17; Filip et al. 1999) . From 1997 to 2007, however, QMD PAT of leave trees in thinned plots (0.12 in.) was significantly (P 0.0009) greater than growth of leave trees in unrhinned plots (0.09 in., Table 3 ). Nonleave-tree QMD PAT was 0.08 in. from
From 1974 to 1997, BA PAl of leave trees in precommercially thinned plots (2.3 ft 2) was significantly (P = 0.03) greater than growth of leave trees in unthinned plots (1.6 ft) (Filip et al. 1999 ). Likewise, from 1997 to 2007, BA PAl of leave trees in commercially thinned plots (1.5 It 2) was significantly (P = 0.04) greater than growth of designated-leave trees in unthinned plots (0.9 it 2 ; Table  2 ). Thinned plots have more surviving leave trees that are growing slightly faster than designated-leave trees in unrhinned plots. Nonleave-tree BA PAl was 1.2 ft2 from 1974 to 1997 and 0.3 ft2 from 1997 to 2007. Total BA PAl from 1974 to 1997 in unthinned plots (2.8 ft) was slightly greater than in thinned plots (2.3 ft), but from 1997 to 2007 there was more growth in thinned plots 0.5 it2) than in unthinned plots 0.2 0.
SDI
Although diameters and total stocking in unthinncd plots were not measLired in 1966, we estimated the 1966 QMI) b y backdating diameter growth and the 1966 stocking by backdating mortality rates. We calculated annual diameter growth and mortality rates from 1974 to 1997, and then using those rates, we subtracted 8 years of growth from the 1974 QMD and 8 years of mortality from the 1974 TPA in thinned and unthinned plots. This resulted in a QMD of 3.4 in. and an SDI of 125 for the Linthinned plots and a QMD of 4.8 in. and an SDI of 57 for the thinned plots (Figure 1 ). Precommercial thinning reduced SDI from 125 to 57, well below the LMZ of 103. By 1974, SDI of thinned plots increased to the LMZ stocking level. By 1997 SDI was well above the UMZ of 153 in the thinned plots.
In 2000, thinning reduced SDI to 111. well below the UMZ (Figure 1) , and QMD increased from 10.4 to 11.7 in. because of the removal of smaller trees. By 2007, SDI and QMD increased to 134 and 12.5 in., respectively. We predict, based on current diameter growth and mortality rates, that the SDI will be at or slightly above the UMZ in 2017, when a third thinning would be needed to keep the thinned plots below the UMZ to maintain tree vigor.
For unthinned plots, SDI increased from 125 in 1966 and reached a maximum of about 345 by 2007 (Figure 1 ). At each measurement period, QMD of trees in unthinned plots was less than the QMD in thinned plots. We predict that SDI in unthinned plots will decline, however, because of continuing mortality from Aimillaria and bark beetles and very slow diameter growth of viving trees.
Discussion
In 1997, 30 vrars after the first thinning, all our plots exceeded the UMZ. III our plots should have been thinned more heavily than the 15 X 15-fr spacing in 1966, even with art mortality rate of 0.3 TPA/year, to reach a larger commercial size before reentering for a second thinning. To maintain the stand below the UMZ of SDI 153 in 1997, the plots should have been thinned heavier in 1966 to at least 153 TPA (17 X 17 it) instead of 209 TPA as determined from SDI TPA * (QMD/10)' T where SDI = 153 and QMD = 10.0 in. in 1997. According to stockinglevel guidelines for ponderosa pine in eastern Oregon (Emmingham et al 2005) , all our thinned stands in 2007 were within the optimum range for both TPA (90) and BA (77). All the unthinned plots Table 2 . Ten-year-diameter growth, basal area (BA) growth, and changes in stocking and stand density index (SDI) in commercially thinned plots in an Armilaria-infected ponderosa pine stand in central Oregon. Quadratic mean diameter )QMD) in 1997 is onl y for trees surviving by 2007. BA per acre and 5131 are for all live trees in 1997 that were marked as leave trees in 2000. The 1997 diameters, BAs, rnorrali', and SD! were calculated based on leave trees marked in 2000.
Stand density index (SD!) is a function of trees per acre (TPA) and QMI) svhcrc SD! = TPA ' (QMDII 01' . Normal SI)! for the site (SI 78) is 365; recommended upper_rnati.igcnis'nt anne is 13; and rcciinimendcd lower -management zi,nc is Iii (Cochran 1992. 1 :iichr;n,i cc al. 1 99.i ). Table 3 . Ten-year-diameter growth, basal area (BA) growth, and changes in stocking and stand density index (SDI) in unthinned plots in an Armillaria-infected ponderosa pine stand in central Oregon. QMD" (in.) BA ( SDI is a function of trees per acre (TPA) and QMD where SDI = TPA * (QMD/10)' '. Normal SDI forthe site (SI 78) is 365; recommended upper-management zone is 153; and recommended lower-management zone is 103 (Cochran 1992 . Cochran et al. 1994 in 2007 greatly exceeded the Emmingham et al. guidelines (601 TPA and 165 BA; Emmingham et al-2005) and the UMZ of 153 by 205%.
We speculate that the increased growing space, moisture, and nutrients in thinned plots have allowed residual trees to significantly increase growth and vigor and resist mortality caused by A. ostoyae and associated bark beetles. Because entire root systems were not excavated and examined, however, we do not know if thinning ponderosa pine reduces initial root penetration hyArrnillaria rhizomorphs or inhibits mycelial growth and rhizomorph production in resinous root lesions. The latter is probably more valid, as Fuller (1979) found that during the earlier stages of root infection in ponderosa pine, disease is little influenced by stress, crown position, or decreased host vigor on a central Oregon site. Also, we do not know if thinning affected the population of Armiliaria rhizomorphs in the soil, because rhizomorph abundance has been shown to be positively correlated with management intensity (Fuller 1979) . Rhizomorphs that are "free" in the soil and unattached to infected roots, however, rarely infect healthy roots of ponderosa pine (Reaves et al. 1993) .
Although A. ostoyae may kill portions of roots distal to resinous lesions, these girdling lesions rarely kill the entire tree (progressive lesions) on productive pine sites (SI I = 105) in south central Washington (Shaw 1980 , Reaves et al. 1993 . Also, fungal advance proximally and internally from occluded or callused lesions on live lateral roots is rare on these sites. Instead, mortality of ponderosa pine occurs when the fungus attacks high on the taproot or root collar, and the tree is effectively girdled. Lethal attack originating at the root collar or taproot also was observed by Adams (1972) and Fuller (1979) on less productive sites such as ours in central Oregon. After tree mortality, the fungus advances proximally and internally from lesions on lateral roots. The root system may be completely colonized within 1-5 years of tree death or harvesting depending on size of the root system, number of resinous lesions, and extent of root colonization by insects or other fungi. Foresters diagnose the cause of tree mortality by the characteristic rcsinosus and white mycelial fans that form beneath the toot collar bark.
Individual trees in our thinned plots grew faster in diameter than trees in unthinned plots, but the difference initially was not significant. We speculate that lack of strong differences may be due to resinous lesions on live roots (Reaves et al. 1993 , Cruikshank ct al. 1997 ) that continue to suppress stem-diameter increment despite reduced intertree competition and possible altered root chemistry in thinned plots. Douglas-firs (Pseudorsuga menziesii) that were thinned in Idaho had root bark containing higher concentrations of phenolics, tannins, and lignin with lower Armiliaria infection rates than unthinncd trees (Entry et al. 1991) .
Selective harvesting in pine stands, especially large trees, has been shown to exacerbate Armillaria root disease as a result of increased fungal inoculum in infected slumps of harvested trees (Roth et al. 1977 (Roth et al. , 1980 (Roth et al. , 2000 Shaw 1980; Morrison et al. 2001 ). We did not observe this on our site 7 years after commercial thinning. Our stumps may be too small (mean, 10-in. diameter) to be effective inoculum sources, or more time may be needed for disease spread. Inoculum longevity is directly proportional to inoculum (stump) size, so larger infected stumps remain viable longer and therefore have a higher probability of spreading the fungus to healthy trees. Large infected stumps thus have the twin advantages of space and time to spread disease: larger root systems (space) that can infect healthy trees over a longer period (time). Large stumps of ponderosa pine can contain viable Arms//aria mycelia for over 35 years (Roth et al. 1980) , and roots of recently killed large trees can extend more than 100 ft from the stump in open stands. In some cases, removal of inoculum (stumps/roots) has been successful in reducing Arinillana root disease in ponderosa pine (Roth ci al. 2000) . Had our stand been thinned from above in 1966 with the largest trees selectively removed instead of precommercially thinned from below, larger stumps and inoculum sources would have remained and perhaps led to greater mortality of the smaller residual trees.
Arm/I/aria, being the ideal opportunist, takes advantage of decreased host vigor when it periodically occurs from drought, defoliation, or other pest attack. Thinning may mitigate tree stress and thus, in some way, prevent infections on residual trees, should they occur, from becoming lethal. If thinning increases tree vigor and impedes fungal colonization of lateral roots and, especially, the root collar or taproot, then perhaps tree mortality is delayed until other scressors occur. Also, if root or tree mortality is prevented or delayed, then disease spread to adjacent healthy trees may be further retarded as a result of confined inoculum in occluded lesions on living roots. Lesion size in Douglas-fir in British Columbia is associated with inoculum potential (size) of the fungus and the resources available to the host tree for defense (Cruikshank et al. 1997 ).
Thinning may not be as effective in Arm/I/aria-infected ponderosa pine stands in other geographic areas or plant associations or in other tree species (Kocnigs 1969 , Cruikshank et al. 1997 , Blenis 2000 . Differences within tree and Arm/I/aria species, in hark beetle populations, in disturbance history, or in site characteristics may be expressed as more severe tree mortality than what we observed after thinning. Commercial thinning without prior precommercial thinning also may result in more severe root disease than what we recorded. Also, other root diseases may be associated with thinning ponderosa pine. Black stain root disease caused by Leprograp/sium tvagerieri var. ponderosum has been reported in ponderosa pine in eastern Oregon (Thies et al. 2005 , Kelsey et al. 2006 and may be associated with pine stumps and slash. Thinning in August or September after vectoring-beetle Right occurs is recommended to reduce black stain root disease (Emmingham at al. 2005) . Heterobasidion annosum, which causes annostis root disease, can infect newly cut stumps of ponderosa pine by airborne spores. This disease may be a problem on low-productivity sites and is often present on trees also infected by Arm/I/aria. Treating stumps 12 in. or more in diatneter with boron-containing products within 24 hours of cutting is recommended to reduce spore infection from H. annosum in some situations (Woodward et al. 1998 , Schmitt et al. 2000 . Smaller stumps apparently desiccate and decay relatively quickly and thus do not serve as viable substrates for infection. We will continue to monitor our plots to determine future growth loss and mortality that may change as a result of commercial thinning and perhaps thin our plots a third time fir when SDI is projected to exceed the UMZ. Thinning in 2017, however, would create larger stumps that may lead to increased ArmilYaria-caused mortality. Given this scenario, we will test the hypothesis as to whether or not long-term commercial thinning is a sustainable technique in Arm/lIar/a-infected pine stands without inoculum (stump) removal.
Recommendations
As a general recommendation, thinning with published guidelines for pure ponderosa pine stands in central Oregon (Emmingham et al. 2005) will also prevent mortality front Armiliania root disease. Foresters should thin early, and wide when trees are small to reduce slash and stump size. Over time, additional thinning may be necessary when trees are larger to capture value, reduce stand density, and increase growth increment to reduce mortality from Armil-(aria toot disease and associated bark beetles. We do not recommend thinning from above in Arms//aria-infected stands, which would create larger stumps and inoculum sources and possibly increase root disease in the residual stand.
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